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The DNA damage response (DDR) upregulates the expression of NKG2D ligands (NKG2DLs).'^ We have recently 
reported that the DDR also induces the presence of cytosolic DNA in B-cell lymphoma cells, which leads to the activation 
of STING-dependent cytosolic DNA sensor pathways and the expression of RAE-1 ligands for NKG2D.^ 



Natural killer group 2, member 
D (NKG2D, also known as KLRKl) 
belongs to the C-type lectin-like recep- 
tors expressed by natural killer (NK) cells, 
activated CDS* T cells, CD4* T cells 
under certain conditions and subsets of 
NKT cells and 78* T cells.' NKG2D con- 
tributes to the activation of NK cells and is 
one of the main receptors required for lysis 
of tumor cell lines by NK cells. In CDS* 
T cells, NKG2D provides a co-stimula- 
tory signal that enhances T-cell immune 
responsiveness. The ligands for NKG2D 
are distant relatives of class I major his- 
tocompatibility complex (MHC) mol- 
ecules. In mice, many NKG2DLs belong 
to the family of retinoic acid early induc- 
ible-1 (RAE-1) proteins (RAE-la-e). 
In addition, three isoforms of the minor 
histocompatibility antigen H60 and the 
murine ULl6-binding protein like tran- 
script-! (MULT-1) bind to NKG2D. 
NKG2D ligands are absent or expressed 
at low levels on normal cells. In contrast, 
tumor cells and virus-infected cells fre- 
quently upregulate the cell surface expres- 
sion of several NKG2DLs. 

DNA Damage Response 

Constant surveillance of genomic 
insults by the DNA damage response 
(DDR) is critical to ensure genome 



integrity and suppression of tumorigene- 
sis, as the genome is continuously exposed 
to a plethora of exogenous and endogenous 
DNA damage.^ The DDR is initiated by 
the ataxia telangiectasia mutated (ATM) 
and ataxia telangiectasia and Rad3 -related 
(ATR) kinases, which govern a complex 
network of effector pathways includ- 
ing apoptosis, cell cycle arrest and DNA 
repair. 

The DDR also plays an important role 
in the immune surveillance of cancer.' We 
recently reported that the DDR induces 
the expression of NKG2DLs through 
the activation of 5ft'«^-dependent cyto- 
solic DNA sensor pathways.' Strikingly, 
our data suggest that DNA damage in 
lymphoma cells leads to the presence of 
single-stranded (ss) and double-stranded 
(ds) DNA in the cytosol (Fig. 1). It is con- 
ceivable that cytosolic DNA is released by 
dysfunctional mitochondria upon DNA 
damage or generated during repair of dam- 
aged genomic DNA. Inhibition of ATM 
and ATR, which are mostly nuclear pro- 
teins, led to the disappearance of cytosolic 
DNA indicating that nuclear DNA repair 
pathways are required for the generation 
of cytosolic DNA. The DDR is constitu- 
tively active in many tumor cells possibly 
due to oncogene-induced replication stress 
resulting in collapsed replication forks 
and associated DNA damage.^' DDR- 
dependent homologous recombination 



plays an important role in restarting col- 
lapsed forks. Deletion of genomic DNA 
might result from homologous recombi- 
nation between dispersed homologous 
sequences. In summary, our data suggest 
that nuclear DNA damage results in the 
presence of DNA in the cytosol of lym- 
phoma cells. 

STING-Dependent Cytosolic DNA 
Sensor Pathway 

In the presence of cytosolic dsDNA the 
stimulator of interferon genes (STING, 
officially known as TMEM173) recruits 
tank-binding kinase 1 (TBKl), which then 
phosphorylates and activates interferon 
regulatory factor 3 (IRF3), a transcription 
factor required for the expression of type 
I interferons (IFNs) and other anti-viral 
proteins.^ This STING-mediated anti- 
viral signaling pathway is also important 
for expression of NKG2DLs in response 
to DNA damage, as genetic inhibition of 
Sting, Tbkl or Irf3 impaired NKG2DL 
expression (Fig. 1).' A number of STING- 
dependent cytosolic DNA sensors have 
been described to date, including ZBPl, 
IFI16, DDX41 and cGAS." We found that 
the upregulation of NKG2DLs in response 
to the genotoxic drug cytosine arabinoside 
(Ara-C) is partially dependent upon Zbpl 
in B-cell lymphoma.' In contrast, the 



*Correspondence to: Stephan Gasser; Email: micsg(S)nus.edu.sg 
Submitted: 05/13/2014; Accepted: 05/16/2014; Published Online: 06/25/2014 

Citation: Le Bert N, Lam AR, Ho SS, Shen YJ, Liu MM, Gasser S. STING-dependent cytosolic DNA sensor pathways regulate NKG2D ligand expression. 
Oncolmmunology 2014; 3:e29259; http://dx.doi.org/104161/onci.29259 



www.landesbioscience.com 



Oncolmmunology 



629259-1 




Figure 1. STING-dependent DNA sensor pathways induce the expression of ligands for NKG2D in 
B-cell lymphoma cells. Damaged DNA and the ensuing DNA damage response lead to the pres- 
ence of single-stranded and double-stranded DNA in the cytosol. Cytosolic DNA activates STING- 
dependent DNA sensor pathways, which induce the expression of NKG2D ligands and potentially 
other immunomodulatory molecules. 



constitutive expression of NKG2DLs in 
a number of tumor cells relied on Sting, 
but not Zbpl, suggesting that other Sting- 
dependent cytosolic DNA sensors may 
play a role in these cancer cells. STING- 
activating DNA sensors have previously 
been associated with cancer. ZBPl has 
been shown to be highly upregulated in 
the peritoneal lining tissue of mice bearing 
ascites tumors.' IFI16 controls the expres- 
sion of the tumor suppressor p53 and pro- 
motes apoptosis of tumor cells. DDX41 or 
cGAS have not been implicated in tumori- 
genesis, so far. Hence, STING-dependent 
cytosolic DNA sensor pathways may con- 
tribute to immunosurveillance of tumors 
through regulation of NKG2DLs. The 
potential role of cytosolic DNA sensors in 
tumorigenesis remains to be investigated. 

Irf3 Regulates NKG2DL 
Expression in B-cell Lymphoma 
of E(i-yWycMice 

To study the functional importance 
of /r/3-induced NKG2DL expression, 



we crossed E\i-Myc mice to /r^-deficient 
mice. E\i-Myc mice overexpress c-Myc 
under the control of immunoglobulin 
heavy chain enhancer region (Ep), analo- 
gous to human Burkitt lymphoma. E\i-Myc 
mice heterozygous for Irf3 expressed no 
detectable NKG2DLs at the cell surface 
of B-cell lymphomas.^ Irf3*'~E\i-Myc 
mice showed a reduced survival rate and 
increased tumor load. In agreement with 
a role of Irf 3 -induced NKG2DL expres- 
sion in tumor surveillance, B-cell lympho- 
mas in NKG2D-deficient E\i-Myc mice 
arose significantly earlier, but no change 
in survival was reported.' Hence, Irf3- 
dependent effects, other than NKG2DL 
expression, are likely to play a role in pro- 
moting tumor surveillance and survival 
of E\i-Myc mice. Activation of IRF3 leads 
to the expression of type I IFNs, which 
play a critical role in immunosurveil- 
lance of tumors.'" In addition to enhanc- 
ing the anti-tumor responses of NK cells, 
type I IFNs are also critical for enabling 
cross-presentation of tumor antigens by 
dendritic cells.'" In summary, our data 
suggest that the presence of cytosolic 



DNA in tumor cells may activate anti-viral 
immune pathways leading to recognition 
and lysis of these self-cells. Thus, activa- 
tion of the cytosolic DNA sensor pathway 
in tumor cells may open new approaches 
for cancer treatment. 
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